On the interpretation of an unusual in-situ measured ice crystal scattering phase function.
Introduction
The most-recent report of the Intergovernmental Panel on Climate Change (IPCC, 2007) concluded that radiative coupling, between clouds of all types, and the Earth's atmosphere is still one of the greatest uncertainties in predicting climate change. One such cloud-type that exacerbates this uncertainty is cirrus. This is because cirrus is composed of highly irregular ice crystals, which generally exist as various habit mixtures, and their sizes can vary between less than 10 µm toward the cloud-top, to several centimetres toward the cloud-bottom (Korolev et al., 2006; Baran, 2009 ).
Due to this variability in ice crystal size and shape, using climate models to predict the radiative effect of cirrus has proven to be problematic (Zhang et al., 1999; Kristjánsson et al., 2000; Edwards et al., 2007; Gu et al., 2011 , Baran 2012 . These modelling studies have shown that the net radiative effect of cirrus can be neutral, negative (i.e., cools the Earth's surface) or positive (i.e., warms the Earth's surface). The short-wave radiative effect can vary from about −30 W m −2 to about −70 W m −2 depending on model assumptions (Baran, 2009 ). This large range in the short-wave radiative effect is due to the uncertainty in the scattering properties of ice crystals (Baran, 2004 (Baran, , 2009 Ulanowski et al., 2006; Fu, 2007; Yang et al., 2008; Gayet et al., 2011 Gayet et al., , 2012 . However, in recent years there has been a large amount of research that has focused on habit mixture models of cirrus and their bulk-scattering properties (Macke et al., 1996a; Mishchenko et al., 2002; McFarquhar et al., 2002; Baum et al., 2005 Baum et al., , 2011 ; Baran and Labonnote, 2007; Baran 2012, and references therein) .
Clearly, to improve cirrus parameterization in climate models, understanding the scattering properties of highly irregular ice crystals is of paramount importance, if the uncertainty about the net radiative effect of cirrus is to be reduced. However, such understanding is not only important for climate models but also for the space-based remote sensing of cirrus properties (Mishchenko et al., 1996; Baran et al., 1999; Yang et al., 2008; McFarlane et al., 2005; Ulanowski et al., 2011) .
One scattering property that is of fundamental importance in the remote sensing of cirrus microphysical and macrophysical properties is the scattering phase function (i.e., the angle-dependent scattered intensity about the ice crystal) (van de Hulst, 1957) . Application of an inappropriate phase function can lead to significant errors in the retrieval of optical thickness and/or ice crystal size (Mishchenko et al., 1996; Baran et al., 1999; Yang et al., 2008) . Therefore, there is a need to constrain the scattering phase function of cirrus.
Of importance to climate models is the asymmetry parameter, which is a parameterization of the scattering phase function. The asymmetry parameter, g, is formally defined as the average cosine of the polar (scattering) angle, and is therefore, a measure of the degree of asymmetry in the forward scattering part of the phase function. The asymmetry parameter can take on, at least mathematically, values between ± 1.0. The reason why the asymmetry parameter is important for a climate model is because it is one of the scattering parameters that controls how much incident solar radiation is reflected back to space (Stephens and Webster, 1981; Liou and Takano, 1994; Baran, 2004; Ulanowski et al., 2006) . Clearly, for the case of conservative scattering, high and low values of the asymmetry parameter will, respectively, reflect less and more incident solar radiation back to space. Therefore, constraining the asymmetry parameter is also just as important as constraining the scattering phase function.
Currently, passive radiometric observational evidence suggests that the best scattering phase functions to represent the radiative properties of cirrus, at solar wavelengths, are those which are featureless and relatively flat at backscattering angles (Foot, 1988; Francis et al., 1999; Baran et al., 1999 Baran et al., , 2001 Labonnote et al., 2001; Jourdan et al., 2003; Labonnote, 2006, 2007; Baum et al., 2011) . However, Gayet et al. (2012) reported the in-situ measurement of unusual ice crystal scattering phase functions, in a mid-latitude anvil cloud, towards the cloud-top, at temperatures of about −58 • C. The habits responsible for the measured phase function consisted of chain-like aggregates, which consisted of non-spherical ice crystals and quasi-spherical ice particles. The chains of quasi-spherical ice particles were reported to be up to several hundred microns in length, and individual quasi-spherical particles that made up the chain were estimated to have diameters between about 15 µm and 20 µm.
The phase functions reported by Gayet et al. (2012) are unusual in that they lack any features at scattering angles less than about 100 • , but had an ice bow-like feature between the scattering angles of about 120 • to 160 • . Therefore, this measured in-situ phase function was not relatively flat at backscattering angles. Although, this one case cannot be generalized, it does, however, demonstrate that naturallyoccurring phase functions may not always be relatively flat at backscattering angles, even if halos are absent. Clearly, further measurements of naturally-occurring ice crystal scattering phase functions are needed, in different types of cirrus, in order to establish whether the occurrence of structure in the back scattering direction is common or not.
In this paper, the phase function reported by Gayet et al. (2012) is theoretically interpreted in terms of a best-fit habit mixture model of ice crystals. The paper is split into the following sections. Section 2 gives a brief discussion of the original measurements. Section 3 describes the theoretical methodology used to interpret the PN measurements, and Sect. 4 discusses the results. Section 5 presents the conclusions.
The measurements
In this paper, the ice crystal scattering phase function measurements reported by Gayet et al. (2012) are used, and in that paper they are comprehensibly described. However, a very brief description of the most pertinent measurements to this paper is given. The measurements were obtained during the CIRCLE-2 experiment, which was carried out over Western Europe during May 2007. During this experiment, combinations of in-situ microphysical and remote-sensing measurements were obtained in, and above, an overshooting convective cell. The measurements used throughout this paper, were obtained near the cloud-top, at temperatures of about −58 • C. During the CIRCLE-2 campaign, the PN instrument was available (Gayet et al., 1998) . As the ice crystals enter the sampling volume of the PN, they are intersected by a collimated laser beam, operating at 0.80 µm, near the focal point of a paraboloidal mirror. A circular array of 54 diodes measures the scattered intensity of laser light scattered at polar angles between 15 • and 162 • , by each crystal so illuminated. A microphysical probe used during the CIRCLE-2 experiment was the Cloud Particle Imager (CPI) (Lawson et al., 2001) . The CPI was used to image the ice crystal habits, and estimate their sizes, example images of the ice crystal habits, imaged near the cloud-top, are shown in Fig. 1a and b .
The figures show that the ice crystal habits appeared to consist of chains of aggregates, with maximum dimensions ranging between about 100 µm to about 400 µm. Although, the appearance of chain-like aggregates has been previously reported (Saunders and Wahab, 1975; Connolly et al., 2005; Um and McFarquhar, 2009; Baran, 2009; and Gayet et al., 2012) , their corresponding phase functions have not generally been measured, until Gayet et al. (2012) . Due to the differing sampling volumes of the PN and CPI instruments, these instruments do not measure the same ice crystals. They do however, measure ice crystals, which occurred in the same cloud. It is therefore, possible, to make statistical comparisons between the CPI and PN measurements, over the same population of ice crystals. The PN measured-averaged phase function, near the cloud-top, shown in Fig. 7c of Gayet et al. (2012) , is a statistical representation of the phase functions, produced by a similar population of ice crystals as shown in Fig. 1a and Fig. 1b . The PN estimated-averaged asymmetry parameter was estimated by Gayet et al. (2012) to be 0.78 ± 0.04.
In the paper by Gayet et al. (2012) , it is shown that the measured-averaged phase function, at scattering angles less than about 100 • , is featureless. Which corresponds to previous literature that the measured scattered intensity of more complex aged ice crystals do not exhibit halo features, around the scattering angles of 22 • and 46 • (Field et al., 2003; Ulanowski et al., 2011; Gayet et al., 2011 Gayet et al., , 2012 . However, at scattering angles between about 120 • and 160 • , there appears a bow-like feature. As previously mentioned, the appearance of bow-like features on the phase function, at backscattering angles, is contrary to the general radiometric measurements discussed in Sect. 1. Moreover, Gayet et al. (2012) also noted the presence of quasi-spherical ice particles with diameters between about 15 µm and 20 µm that made up some of the aggregate-chains. The possibility of the bow-like feature being due to the quasi-spherical ice particles rather than the non-spherical ice crystal aggregate is discussed in Sect. 4.
Theoretical methodology
To interpret the phase function reported by Gayet et al. (2012) , a number of light scattering methods are used. Firstly, in the rest of this paper, the ice crystals are assumed to be randomly oriented, and monodispersive. The incident wavelength is 0.80 µm. The refractive index of ice at this wavelength is 1.3049 + i1.34 × 10 −7 (Warren and Brandt, 2008) , where i is the imaginary part.
To compute the scattering phase function (first element in the first column of the scattering matrix [1,1], see van de Hulst, 1957) , P 11 (θ), for each ice crystal, the methods of Monte-Carlo ray tracing (Macke et al., 1996a) and T-matrix (Mishchenko and Travis, 1998) are applied. The method of ray-tracing is applied to a model chain of aggregates, and the T-matrix method is applied to rotationally symmetric particles, which represent the quasi-spherical ice particles. Since no halo features are noted on the averaged phase function reported by Gayet et al. (2012) , the method of distortion is applied to the ray tracing (Macke et al., 1996a; Yang and Liou, 1998) . In this method, at each refraction and reflection event, the ray-paths are randomly tilted, with respect to their original direction. This randomization process removes energy from the halo and ice bow regions and re-distributes it to side-scattering and backscattering angles. Therefore, for high distortion parameters, the halo and ice bow features are removed, creating featureless phase functions. The distortion parameter can have values ranging from 0 (i.e., no distortion) to 1.0 (i.e., maximum distortion).
This geometric method of distortion is commonly referred to, in the literature, as surface roughness, as it is supposed to mimic scattering from the smaller-scale structure that might occur on the surfaces of ice crystals. Since, neither Geometric nor Physical Optics can be applied to such small-scale structures, due to diffractive effects that would originate from the smaller-scale structures; a large-scale geometric method of distortion is used to approximate the small-scale structure. How well such geometric methods represent scattering, due to actual surface roughness, has yet to be evaluated, since to date, there have been no comparisons between the distortion approximation and electromagnetic theory. Due to this lack of evidence, in this paper, the term distortion is used rather than surface roughness. Another method that can be applied to remove halos and ice bows is including ice crystals with aerosols or air bubble inclusions (Macke et al., 1996b and Labonnote et al., 2001) or a combination of distortion and spherical air bubble inclusions (Baran and Labonnote, 2007) . These methods of randomization decrease the asymmetry parameter of the model ice crystal, with respect to their pristine counterparts (Macke et al., 1996a; Yang and Liou, 1998; Ulanowski et al., 2006) .
In this paper, the chains of non-spherical ice aggregates shown in Fig. 1a are represented by a ten-element hexagonal ice aggregate, previously described by Baran and Labonnote (2007) , see Fig. 1f of that paper. The ten-element aggregate chain is chosen, as this chain is spatial rather than compact, in Fig. 1b ; the aggregate chain also appears spatial rather than compact, and in that figure the chain appears to be composed of quasi-spherical ice particles. Moreover, the lack of halos being present on the measured phase function reported by Gayet et al. (2012) implies that the aggregatechain has been randomized to such an extent that the initial shapes that compose the aggregates of non-spherical ice crystals are not important. The scattering phase functions of such highly randomized structures are featureless and relatively flat at backscattering angles (Macke et al., 1996a; Yang and Liou, 1998; Baran et al., 2001; Ulanowski et al., 2006) , and so the shape information is lost (Baran et al., 2001) . Moreover, the phase function of individual ice crystals that make up spatial ice aggregates is very similar to the phase function of the aggregate ice crystal, due to multiple reflections between the individual monomers that make up the spatial aggregate being unimportant (Um and McFarquhar, 2009; Baran, 2009 ).
The appearance of ice bow-like features on the scattering phase function at backscattering angles is usually indicative of regular ice crystals (Takano and Liou, 1989) or ice spheres or quasi-spherical ice particles (Mugnai and Wiscombe, 1986; Mishchenko and Travis, 1998) . It has been previously argued that the underlying ice crystal shape is unimportant due to the processes of randomization leading to featureless phase functions. Therefore, the ice bow-like feature reported by Gayet et al. (2012) is due to either ice spheres or quasi-spherical ice particles. In this paper, the quasi-spherical ice particles are represented by rotationally symmetric ice spheroids and Chebyshev ice particles. The geometries of these particles have previously been described by (Mugnai and Wiscombe, 1986; Mishchenko and Travis, 1998) . In those papers, it is shown that high-order Chebyshev particles with high deformation parameters and spheroids of large aspect ratio do not support ice-bow like features on their scattering phase functions. Therefore, to retain the ice bowlike feature, the Chebyshev ice particles and ice spheroids are assumed to be of low order and low aspect ratio, respectively. However, in this paper, the choice of geometry chosen to represent the quasi-spherical particles is not claimed to be unique, rather, that the ice bow-like feature reported by Gayet et al. (2012) , can be explained by either the ice sphere or some quasi-spherical ice particle. With this in mind, the following geometrical parameters are assumed to represent the quasi-spherical ice particles.
The aspect ratios (i.e., the ratio of horizontal semi-axis to the rotational semi-axis), R, of the prolate and oblate spheroids are assumed to be 0.8333 and 1.2 (R as defined by Mishchenko and Travis, 1998) , respectively, and the equalarea spherical radius is assumed to be 12 µm, which is close to the upper end of the in-situ estimate of the quasi-spherical ice particle radius (Gayet et al., 2012 ). An equal area spherical radius of 7.5 µm was also assumed, but the phase functions for particles of this size, were not significantly different from those assuming a radius of 12 µm (not shown for reasons of brevity). The normalized scattering phase functions of the prolate and oblate spheroids are shown in Fig. 2 . The figure shows, that these assumed aspect ratios for the spheroids, exhibit ice bow-like features at scattering angles between about 110 • and 150 • , peaking at scattering angles between about 125 • and 135 • . The peak of the ice bowlike feature reported by Gayet et al. (2012) occurs at a scattering angle of about 140 • . The prolate spheroid scattering phase function slightly shifts the peak of the ice bow towards the peak of the measured in-situ ice bow-like feature, and has lower backscattering than the oblate spheroid, at scattering angles between about 150 • and 180 • . However, both the prolate and oblate scattering phase functions exhibit low side-scattering, which is typical of quasi-spherical particles (Mishchenko and Travis, 1998) . Other higher and lower aspect ratios were investigated, but these tended to either smooth the ice-bow feature or move it to lower scattering angles, towards the sphere bow, at the rainbow angle of 138 • , respectively (not shown here for reasons of brevity).
High order Chebyshev ice particles have been previously assumed by McFarquhar et al. (2002) to represent the scattering properties of small individual ice crystals of dimensions less than 100 µm. For dimensions greater than this, other idealized geometrical shapes were assumed, such as rough and smooth hexagonal ice aggregates (Yang and Liou, 1998 Chebyshev ice crystals were merged with the larger ice crystals, using in-situ derived particle size distributions, to predict the averaged single-scattering properties of cirrus at various wavelengths in the solar region. The merged averaged nonabsorbing scattering phase function (see Fig. 4a and b of Mc-Farquhar et al. 2002) was essentially featureless around the ice-bow region. As previously indicated, higher aspect ratio spheroids or high-order Chebyshev particles tend to smooth the scattering phase function (Mishchenko and Travis, 1998) . In order to retain the ice-bow feature, in this paper, the Chebyshev particles are assumed to be of order 3, have an unperturbed spherical radius of 12 µm, and deformation parameters of 0.03, and 0.1. Hereinafter, the two Chebyshev particles are described by the term Tn(ε), where n is the Chebyshev order, and ε is the deformation parameter, as defined by Mishchenko and Travis (1998) . The shapes of the Chebyshev particles are shown in Fig. 3a and b, and their scattering phase functions are shown in Fig. 4 . The scattering phase function of the Chebyshev particle T3(0.03) exhibits an ice bow-like feature, and it peaks at the scattering angle of about 140 • , which is very similar to the peak of the insitu measured ice bow-like feature. The Chebyshev ice particle with a higher deformation parameter smoothes the phase function around the ice bow region but moves the feature to side-scattering angles, between the scattering angles of about 80 • and 100 • . Lower order Chebyshev ice particles were also investigated but these, moved the ice bow region to the sphere rainbow angle (not shown here for reasons of brevity). Clearly, as shown by Figs. 3 and 4 , the quasi-spherical ice particles cannot, by themselves, re-produce the side scattering reported by Gayet et al. (2012) . As a consequence, these particles must be merged with highly randomized ice crystals to satisfactorily account for the side-scattering reported by Gayet et al. (2012) .
Therefore, to simulate the measured averaged phase functions, four weighted habit mixture models are investigated. Moreover, a weighted habit mixture model is assumed because, currently, there is no one single electromagnetic method that can solve the scattering properties of chain aggregates for the dimensions shown in Fig. 1a and b .
The first weighted habit mixture model is comprised of the two previously described Chebyshev ice particles, called model 1. The second model consists of the highly randomized ten-element hexagonal ice aggregate and ice spheres, called model 2. The effective radius of the ice sphere was assumed to be 12 µm. Due to significant interference on the scattering phase function of the sphere (Mishchenko and Travis, 1998) , the predicted phase function is integrated over a very narrow particle size distribution, in order to smooth its scattering phase function, so that a clear comparison can be made between the model and the in-situ measurements. The particle size distribution assumed was the log-normal (see Mishchenko and Travis, 1998) and the sphere scattering phase functions were integrated between the radii of 11.88 and 12.12 µm. The third model consists of the highly randomized ten-element hexagonal ice aggregate and the two previously described spheroids, called model 3. The fourth model consists of the highly randomized ten-element hexagonal ice aggregate and the two previously described Chebyshev ice particles, called model 4.
The normalised scattering phase function is given by the following relation (Bohren and Huffman, 1983) 1 4π 4π P 11 d = 1
(1)
where in Eq. (1) P 11 is the previously defined singlescattering phase function. The asymmetry parameter was defined as the average cosine of the scattering angle, and is given by the following relation (Bohren and Huffman, 1983) g = cos θ = 1 2 π 0 P 11 (θ) cos θ sin θdθ.
(2)
To compare P 11 directly to the in-situ measurements, i.e., the differential scattering cross section, would require knowledge of the total scattering cross section and total number density of ice particles. However, due to the problem of ice crystal shattering on the inlets of closed-path microphysical instruments (Korolev et al. 2011) , there is considerable uncertainty with regard to the actual values of the total number concentration and volume extinction coefficient. To achieve direct comparisons between theory and measurements would also require better in-situ microphysics with shattering effects removed. Also, more detailed information is also required on the distribution and shapes (i.e., aspect ratios) of the individual structures that compose the ice aggregates. Therefore, in this paper, true closure is not claimed, since insitu measurements are not currently available that meet the above-mentioned closure requirements. In this paper, the overall shape of the scattering phase function and its associated asymmetry parameter are the quantities of interest, and Fig. 1a or b , does not show any evidence of shattering. It is assumed that the measured phase functions are unaffected by shattering. Therefore, the model phase functions are scaled, until the best overall fit to the in-situ measurements is obtained. The best-fit model phase function (normalized to 4π) is then applied to Eq. (2) to estimate the asymmetry parameter.
The weighted mean phase function, P 11 (θ ), is given by:
where in Eq.
(3) w j is the weighting applied to each phase function, and by definition w j = 1. In Eq. (3) , the weights are found by minimizing the root mean square error (rmse), X rmse , which is defined by
where in Eq. (5), X i is the difference between the in-situ measured average phase function and P 11 (θ ), where i = 1. . . N, and N = 32 (i.e., the number of scattering angles measured by the PN). The results of comparing the four models with the in-situ measurements of the phase functions are described in the next section.
Results
Considering model 1, and using Eqs. (3) and (4), to obtain the weights that best minimise differences between theory and measurement, the best weighted mean habit mixture model was found to be P 11 = 0.4P
T 3(0.03) 11
where i has been dropped for reasons of clarity. The rmse, with the above weights, was found to minimize to a value of 1.1×10 −7 . Comparisons between P 11 and the in-situ measured phase function are shown in Fig. 5 . In all figures, the model predicted phase function is shown over all scattering angles. The full model scattering phase function is plotted, to demonstrate that in order to discriminate between models, PN instruments that measure the scattered intensity over a more complete range of scattering angle are required. Figure 5 shows that for scattering angles between about 15 • and less than 60 • , model 1 overpredicts the forward scattering part of the measured phase function. However, at sidescattering angles between about 60 • and less than 100 • , the model severely underpredicts the measurements. However, the ice bow feature, between the scattering angles of 120 • and 160 • , is predicted by the Chebyshev particle model. On inspection, the overall fit to the in-situ measurements is poor. Therefore, Fig. 5 demonstrates that quasi-spherical particles alone cannot explain the measured phase function. Moreover, g predicted by model 1 is 0.84, which is outside the upper range of uncertainty estimated by the PN. A phase function with higher side scattering is required, without halo features, which can only be predicted by an irregular ice crystal model. To obtain a phase function with higher side scattering, without halo features, the highly distorted ten element hexagonal ice aggregate is now considered. To reduce the noise in the Monte-Carlo ray tracing calculations for each phase function, the phase functions were averaged over four maximum dimensions, which were 100 µm, 200 µm, 400 µm and 600 µm. For each maximum dimension, the overall aspect ratio of the ten element hexagonal ice aggregate remained invariant with respect to size. A distortion parameter of 0.8 was assumed for all four Monte-Carlo ray tracing calculations. Although lower distortion parameters were tried these did not minimize the rmse as well as the distortion parameter of 0.8 (these results are not shown here for reasons of brevity). It should be noted here, that the averaged g value found for the highly distorted ten element hexagonal ice aggregate was 0.68.
Considering model 2, the best weighted mean habit mixture model was found to be P 11 = 0.3P ice aggregate 11
The rmse, with the above weights, was found to minimize to a value of 1.6×10 −8 . The results of comparing the phase function with the measured phase function are shown in Fig. 6 . Clearly, the figure shows that the addition of the highly distorted ten element hexagonal ice aggregate has improved the fit between model 2 and the measured phase function, relative to model 1, especially between the scattering angles of about 40 • and 100 • . However, beyond the scattering angle of 100 • , not surprisingly, the peak in the phase function occurs at the rainbow angle of 138 • , and the width of the peak is narrower than the ice bow-like feature that is apparent on the in-situ measured phase function. Therefore, assuming spheres, cannot account for the in-situ measurements of the ice bow-like feature. However, the model predicted value of the asymmetry parameter is 0.77, which is within the uncertainty of the insitu estimate. The lower asymmetry parameter predicted by model 2, is due to a reasonable fit to the measurements at forward and side-scattering angles, even though the backscattering angles, beyond about 100 • , are not as generally well fitted.
For model 3, the best model fit to the measured phase function was found to be, P 11 = 0.2P ice aggregate 11 + 0.3P prolate(R=0.83333) 11 + 0.5P oblate(R=1.2) 11 (7) and the rmse was found to minimize to a value of 1.4 × 10 −8 . Figure 7 , shows the model estimated phase function compared against the in-situ measurements. The figure shows an improved fit to the in-situ measurements relative to the assumption of spheres, between the scattering angles of about 90 • and 160 • , and the rmse for model 3 is lower than model 2. However, the peak in the ice bow assuming spheroids occurs at a scattering angle of about 130 • , compared to the measured in-situ peak, which is at about 140 • . Between the scattering angles of 160 • and less than 180 • , the model is relatively flat, but peaks at the exact backscattering angle of 180 • , due to the glory feature. The predicted g value for model 3 was found to be 0.80, which is within the upper range of uncertainty estimated by the PN.
For model 4, the best-fit model phase function to the measured phase function was found to be P 11 = 0.2P ice aggregate+ 11 0.5P T 3(0.03) 11 + 0.3P T 3(0.1) 11 (8) and the rmse was found to minimize to a value of 1.5 × 10 −8 . The comparison between P 11 and the in-situ measurements is shown in Fig. 8 . The figure shows that this model better captures, relative to the other models, the shape of the measured phase function between the scattering angles of about 100 • and 160 • , even predicting the peak of the measured ice bow feature at the correct scattering angle. However, the model slightly underpredicts the measured phase function at scattering angles between about 60 • and 95 • , and this results in the rmse being slightly higher than model 3. However, overall model 4, better fits the in-situ measurements, considering all scattering angles. However, at scattering angles between 160 • and 180 • the model retains the strong backscattering feature exhibited by Chebyshev particles. This is in contrast with model 3. This is why it is important to develop future PN instruments that are able to measure the scattered intensity over a more complete range of scattering angle. The predicted g value for model 4 was found to be 0.79, which is within the range of uncertainty estimated by the PN, and slightly higher than model 2, due to its underprediction of the measurements between the scattering angles of about 60 • and 95 • .
Conclusions
In this paper, an unusual in-situ measured scattering phase function has been interpreted in terms of a weighted habit mixture model. The best habit mixture model found to account, overall, for the in-situ measurements, comprised of a highly distorted ten element hexagonal ice aggregate, and two Chebyshev particles of order 3. A distortion parameter of 0.8 was applied to the ten element hexagonal ice aggregate, and the Chebyshev ice particles were each assumed to have an unperturbed spherical radius of 12 µm, and deformation parameters of 0.03 and 0.1, and the best-fit weightings were estimated to be 0.2, 0.5, and 0.3, respectively. The best overall model, has a g value of 0.79, which compares to the estimated PN g-value of 0.78 ± 0.04. The best overall model demonstrates that the measured ice bow, assuming a highly distorted ice crystal, can be predicted assuming independent quasi-spherical ice particles. Therefore, it is the quasi-spherical ice particles that dominate the backscattering measured by the PN, rather than the non-spherical ice aggregate, although these must be randomized to produce sufficient side-scattering and remove halo features.
Figures 7 and 8 demonstrate that PN instruments are required that measure the scattered intensity over a more complete range of scattering angle, at least as full a scattering angle range that is technically possible. This is required so that discrimination between models and reliable estimates of g can be achieved. Also, further in-situ instrumentation needs to be developed that can image the shapes and aspect ratios of the monomer ice crystals that make up the aggregate ice crystals.
It has been argued in this paper that it is the quasi-spherical ice particles that are responsible for the appearance of the ice bow-like feature on the averaged in-situ measured scattering phase function. In this case, the method of distortion (sometimes referred to as surface roughness) applied to the nonspherical ice aggregate would predict higher side-scattering, relative to the measurements, and no ice bow feature. Consequently, the full scattering phase function of the highly randomized non-spherical ice aggregate, at side-scattering and backscattering angles, is not representative by itself of the measured phase function. In this respect, cloud chamber experiments should be considered, to see, if it is possible, to replicate the conditions necessary to produce similar scattering phase functions reported by Gayet et al. (2012) . Moreover, the asymmetry parameter of the best model fit is 16 % higher than the asymmetry parameter predicted by the highly randomised ice aggregate model. Therefore, the asymmetry parameter, in such situations as reported by Gayet et al. (2012) , may not necessarily be small.
It can no longer be generally assumed that phase functions with no halos are also featureless and relatively flat at backscattering angles. This may be particularly true for the tops of anvil cloud, and for this type of cloud, g is particularly important, with regard to climate modelling. To this end, space-based instruments should be developed that can resolve sufficiently, the backscattering properties of cirrus.
The findings of this paper have important implications for cloud physics, climate modelling and for the remote sensing of cirrus. It is therefore, of necessity to understand whether the quasi-spherical ice aggregates, the phase functions, and consequently, their g-values, shown throughout this paper, are a common occurrence.
